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1. I n t r o d u c t i o n  
1.1 P r e s e n t  Level  of  Knowledge 1973 
I n  1973 t h y r i s t o r s  hav ing  breakdown v o l t a g e s  o f  up t o  1 0  kV /Sg 
-
were a l r e a d y  knodnU Because of  t h e  u n f a v o r a b l e  forward  v o l t a g e  
c h a r a c t e r i s t i c s  and t h e  u n s a t i s f a c t o r y  s w i t c h i n g  b e h a v i o r ,  however, 
such components assumed o n l y  a l i m i t e d  t e c h n i c a l  impor tance .  The 
high-power t h y r i s t o r s  employed i n  a v a r i e t y  of  a p p l i c a t i o n s  were 
des igned  f o r  peak r e p e t i t i v e  o f f - s t a t e  v o l t a g e s  of approx.  2 . 5  kV 
and t r a n s i e n t  c u r r e n t s  o f  approx.  1 3  kA. The breakdown v o l t a g e  of  
t h e s e  components ar,,ounted t o  approx.  3  kV. 
Main range  o f  a p p l i c a t i o n  of  such  t h y r i s t o r s  i s  i n  l a r g e  
f a c i l i t i e s  such  a s  r o l l i n g - m i l l  d r i v e s  and h i g h  v o l t a g e  dc t r a n s m i s s i o n  
i n s t a l l a t i o n s .  The b r e a k i n g  c a p a c i t y  r e q u i r e d  f o r  such a p p l i c a t i o n s  
may o n l y  be a c h i e v e d  by c o n n e c t i n g  a  l a r g e  number o f  i n d i v i d u a l  
t h y r i s t o r s .  S i n c e  t h e  measures n e c e s s a r y  f o r  w i r i n g  and c o o l i n g  as 
w e l l  as space r e q u i r e d  may be c o n s i d e r e d  approx imate ly  p r o p o r t i o n a l  
t o  t h e  number o f  t h y r i s t o r s  p e r  f a c i l i t y ,  a  f u r t h e r  i n c r e a s e  i n  
c a p a c l t y  of t h y r i s t o r s  l e a d s  t o  a  c o n s i d e r a b l e  r e d u c t i o n  i n  c o n s t r u c t i o n  
c o s t s  and i s  t h e r e f o r e  c o n s i d e r e d  a  m a t t e r  o f  p r e s s i n g  n e c e s s i t y  by 
p l a n t  d e s i g n e r s .  It must a l s o  be t a k e n  i n t o  account  t h a t  t h e  o p e r a t i n g  
s a f e t y  of l a r g e  f a c i l i t i e s  g e n e r a l l y  i n c r e a s e s  w i t h  a  d e c r e a s i n g  
number of  components and t h a t  f o r  t h i s  r e a s o n  high-power t h y r i s t o r s  
a r e  d e s f r e a b l e .  
The aim o f  t h e  s t u d y  was o u t l i n e d  i n  t h e  b r i e f  d e s c r i p t i o n  
- --   
It 
Numbers i n  t h e  margin i n d i c a t e  p a g i n a t i o n  i n  t h e  f o r e i g n  t e x t .  
i n  Appendix A of  our a p p l l c a t l o n  a s  fo l l ows :  
' I . . .  t o  f i n d  manufacturing techniques ,  o r  t o  improve known 
procedures  t o  such a  degree  t h a t  i t  i s  p o s s i b l e ,  by c l o s e  
t o l e r a n c e s  and compact dimensioning,  t o  develop a 4 .5  kV /7 
t h y r i s t o r ,  wi th  cur ren t -ca r ry ing  c a p a c i t y  and dynamic 
c h a r a c t e r i s t i c s  approximating va lues  of known 2.5 kV 
t h y r i s t o r s  . I 1  
I n  t h e  p u r s u i t  of t h i s  a i m  we employed t h e  fo l lowing  s t e p s :  
2 .  Problem Segments 
2 . 1  Usage of Neut ron- i r rad ia ted  S i l l c o n  
2 . 1 . 1  Disadvantages of Conventianally Doped S i l i c o n  
An i n c r e a s e  i n  b locking capac i ty  of  t h y r i s t o r s  can be achieved 
by i n c r e a s i n g  t h e  s p e c i f i c  r e s i s t a n c e  pn of  t h e  n-base and i t s  
width  Wn.  Low forward vo l t age  l o s s e s  and good dynamic cha rac t e r -  
i s t f c s ,  however, r e q u i r e  t h e  sma l l e s t  width  of  n-base p o s s i b l e .  
The t a s k  of f i n d i n g  a  con?promise between t h e s e  two components demands 
on width  f s  b e s t  reso lved  according t o  how c l o s e l y  t h e  c a l c u l a t e d  
optfmal  va lue  of t h e  s p e c i f i c  r e s i s t a n c e  can be ach ieved .  
Mainta ining c l o s e  t o l e r a n c e s  when s e t t i n g  t h e  b a s i c  doping 
by means of drawing zones on t h e  s i l i c o n  r o d s ,  however, l e a d s  t o  
cons ide rab l e  d i f f f c u l t i e s  when t h e  t a r g e t  va lue  exceeds  1 0 0  Qcrn 
and t h e  diameter  of t h e  rods  i s  more t h a n  40 t o  50 rnrn. F t g .  1 
shows fou r  maximum va lue  measurements a long  t h e  diameter  of one 
s f l f c o n  d i s c  a t  beginnlng and end of rod ,  r e s p e c t i v e l y .  The f f g u r e  
c l e a r l y  demonstra tes  t h e  r e l a t i v e l y  hfgh p v a r f a t f o n s  wfthfn  a 
d i s c  as wel l  a s  a  d r f f t  of t h e  p va lue  i n  t h e  a x i a l  d r r e c t f o n .  I n  
a d d l t i o n  t h e  d e v i a t f o n  of t h e  average p va lue  of t h e  rod  from 
t a r g e t  va lue  must a l s o  be  considered.  I n  o rde r  t o  con ta fn  t h e  
dev fa t fon  w i t h i n  accep tab l e  l f m i t s  dur ing  c r y s t a l  p roces s ing ,  t h e  
manufacturer  of t h y r i s t o r s  f s  f o r c e d  t o  pe rmt t  a r e l a t f v e l y  wide /8  
- 
range  of p o s s i b l e  p  v a l u e s  when employing c o n v e n t i o n n l l y  doped 
, 
i 
1 
s i l i c o n .  The cor:sequences o f  t h i s  means o f  manufac tu r ing  a r e  
d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  
2 . 1 . 2  E f f e c t s  of V a r i a t i o n s  of  S i l i c a n  S p e c i f i c  R e s i s t a n c e  on 
t h e  T h y r i s t o r  C h a r a c t e r i s t i c s  
According t o  H e r l o t  [l] t h e  r e p e t i t i v e  v o l t a g e  UR of  a  
t h y r i s t o r  f o r  a  s u f f i c i e n t l y  l a r g e  o f f - s t a g e  c u r r e n t  may be c a l -  
c u l a t e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n  : 
,- 
\ T,. 
~h ( W - X )  Lr  
I n  t h i s  e q u a t i o n  v i s  a  f a c t o r  t a k i n g  t h e  a v a l a r c h e  m u l t i p l i c a -  
tian i n t o  a c c o u n t ,  ye t h e  e m i t t e r  e f f i c i e n c y  and Lp t h e  d i f f u s i o n  
1 
l e n g t h  of t h e  m i n o r i t y  c a r r i e r  on t h e  n-base. When t h e  dependence I 
of t h e  v a l u e s  UB and X on s p e c i f i c  r e s i s t a n c e  p a r e  t a k e n  i n t o  i i 
a c c o u n t ,  t h e  r e l s t i o n s h i p  U R ( p )  can be d e r i v e d  from t h i s  e q u a t i o n  i '
v i a  numer ica l  o r  g r a p h i c  methods. These show a  f l a t  maximum f o r  
UR a t  a  s p e c i f i c  v a l u e  f o r  p .  Curve 1 i n  F i g .  3 p r e s e n t s  an  1; ? 
example (ye = 1, v = 6 ) :  t h e s e  cor respond  t o  e x p e r i m e n t a l  v a l u e s  
a t  room t e m p e r a t u r e .  For  h i g h e r  t e m p e r a t u r e s  i t  must be t a k e n  
i n t o  account  t h a t  t h e  o f f - s t a g e  c u r r e n t  may n o t  exceed a c e r t a i n  
l e v e l  t o  keep o f f - s t a t e  power l o s s e s  down and t o  e n s u r e  t h e  s t a b i l i t y  
of the component. However, i U R ( p )  i s  measured w i t h  a  g iven  
o f f - s t a g e  c u r r e n t ,  t h e  maximum s h i f t s  w i t h  i n c r e a s f n g  t e m p e r a t u r e  
t o  e v e r - d e c r e a s i n g  p v a l u e s  s o  f a r  u n t i l  t h e  i n c r e a s e  i n  charge  
c a r r i e r  g e n e r a t i o n  due t o  t e m p e r a t u r e  i s  compensated by t h e  de- 
c r e a s e  of c u r r e n t  a m p l i f i c a t i o n  f a c t o r  because  o f  t h e  s m a l l e r  s i z e  
of space-charge  r e g i o n .  Curves 2 and 3 o f  P i g .  3 show t h e  
t empera tu re  d r f f t  and t h e  more c l e a r l y  d e f i n e d  maxSmum r e p e t l t u v e  / 9  
-
v o l t a g e .  These we?e measured u s i n g  t h y r i s t o r s  o f  c o n v e n t i o n a l l y  
doped m a t e r i a l  w i t h  a  r e l a t i v e l y  low s p e c i f i c  r e s i s t a n c e ,  t h e i r  1 
i 
c h a r a c t e r i s t t c ,  however, i s  a l s o  t y p i c a l  f o r  o t h e r  p  ~ e g i o n s .  To 
a,chieve an e s t i m a t e  on t h e  Lncrease  o f  r e v e r s e  v o l t a g e  U a t  a  R 
gfven base w i d t h  FI' t h r o u g h  a rrarrowing of  t h e  p e r m i s s i b l e  t o l e r a n c e  
Ap,  i t  should  be assumed t h a t  UR(p) may be r ep re sen t ed  by t h e  
breakdown of curve UB p3 /4  on t h e  low-res i s tance  s i d e  of t h e  maximum. 
The s i m p l i f i c a t i o n  t h a t  t h e  curve UR(p) i s  symmetrical  t o  t h e  maximum 
l e a d s  t o  t h e  fo l lowing  e s t ima t ion  [2]: 
+ AUR = - 0,75 UIm A P / P ~  a t  room temperature  
AUIv,, = - 0,75 Urn{ A P / P ~  (2 1 a t  maximum junc t ion  
tempera ture  0 j m  
where URN and pm a r e  t h e  va lues  of t i le  maximum a t  e j m .  Every 
d e v i a t i o n  of Ap from pm r e s u l t s  i n  a l o s s  of repe t i t ' ve  vo l t age  
i n  t h e  upper temperature  r eg ion  be ing  s u b s t a n t i a l l y  g r e a t e r  t han  
expected accord ing  t o  equa t ion  (1). Equat ion ( 2 )  unders tandably  
r e p r e s e n t s  only  an approximate e s t i m a t i o n  as,  f o r  example, temperature  
i n f l u e n c e  on breakdown cureve i s  disreg3,rded,  bu t  t h e  equa t ion  
does  p re sen t  r a t h e r  wel l  t h e  degree of  macroscopic v a r i a t i o n 5  i n  
s p e c i f i c  r e s i s t a n c e  of t h e  source  s i l i c o n  on t h e  b lock ing  c a p a b i l i t y  
of t h y r i s t o r s .  The fo l lowing  example s e r v e s  a s  a f u r t h e r  exp lana t ion :  
The s p e c i f i c  r e s i s t a n c e  p of t h e  n-base f o r  a t h y r i s t o r  i s  
determined i n  a  way t h a t  a  b lock ing  c a p a b i l i t y  of 3,000 V r e s u l t s  
when base width  i s  minimal and o f f - s t age  c u r r e n t  i s  given.  Temper- 
a t u r e  l i e s  w i th in  a  range of 20 t o  125O. I f  i t  i s  assumed t h a t  
r e s i s t a n c e  v a r i a t i o n s  wi th in  a  s i n g l e  d i s c  can be d i s r ega rded  bu t  
t h a t  d i f f e r e n c e s  i n  r e s i s t a n c e  e x i s t  from one d i s c  t o  ano ther  of 
t h e  l o t  under i n v e s t i g a t i o n ,  t h e  f o l l o w i ~ i g  r e s i s t i v i t y  vo l t age  - / l o  
band may be observed:  
2.550 V 4 UR 4 3.450 V at  25'~ 
< f o r  a p  = 20 96 
2.550V 6 uR < 3.000~ at ~ 2 5 ~ ~  
I n  t h e  c a s e  o f  l a r g e - s u r f a c e  t h y r i s t o r s  t h e  r e s i s t a n c e  v a r i a t i o n  
w i t h i n  t h e  i n d i v i d u a l  d i s c  cannot  be d i s r e g a r d e d  when employing 
c o n v e n t i o n a l l y  doped s i l i c o n .  When m a i n t a i n i n g  t h e  v a l u e s  f o r  
b p n / p n  g i v e n  i n  t h e  example, t h i s  l e a d s  t o  a lower ing  of  t h e  upper  
boundary o f  t h e  t o l e r a n c e  band, s i n c e  i n  each  c a s e  t h e  most un- 
f a v o r a b l e  v a l u e  w i t h i n  t h e  d i s c  d e t e r m i n e s  t h e  UR. These s t a t e m e n t s  
a r e  i n  agreement  w i t h  e x p e r i e n c e  g a t h e r e d  o v e r  s e v e r a l  y e a r s  i n  t h e  
manufacture  o f  800 A ,  2 .5  kV t h y r i s t o r s .  
i If s i l i c o n  w i t h  t h e  l o w p t o l e r a n c e  i s  emoloued, t h e n  t h e  v o l t a g e  
l i m i t  i n  t h i s  example may be i n c r e a s e d  by 300 V wi thou t  n e g a t i v e l y  
i n f l u e n c i n g  t h e  c u r r e n t  c a r r y i n g  c a p a c i t y  and t h e  dynamic c h a r a c t e r i s t i c s  
i 
and wi thou t  a Z f e c t i n g  t h e  y i e l d .  The p o s s i b l e  g a i n  i n  r e p e t i t i v e  
v o l t a g e  i n  c o n j u n s t i o n  w i t h  b r e a k i n g  c a p a c i t y  made exper iments  w i t h  
n e u t r o n - i r r a d i a t e d  s i l i c o n  seem worthwhi le .  
2 .1 .3  Advantages o f  N e u t r o n - i r r a d i a t e d  S F l i c o n  
- 
I n  1971 S c h n 8 l l e r  [3] once a g a i n  a p p l i e d  a  method wkich had 
been f o r g o t t e n  f o r  t h e  subsequent  doping o f  h i g h l y  pure  s i l i c o n  
with phosphorus v i a  n e u t r o n  bombardment. T h i s  p rocedure ,  a l r e a d y  
d e s c r i b e d  by Tannenbaum and M i l l s  [4] i n  1961, had n o t  achieved 
any t e c h n i c a l  impor tance  u n t i l  then .  The g e n e r a t i o n  of  doping 
i s  a c h i e v e d  t h r o u g h  r a d i a t i o n  w i t h  t h e r m a l  n e u t r o n s  i n  a  n u c l e a r  
r e a c t o r .  I n  t h i s  p r o c e s s  t h e  n a t u r a l l y  o c c u r r i n g  s i l i c o n  i s o t o p e  
3 0 ~ i  i s  changed i n t o  phosphorus31 P a c c o r d i n g  t o  t h e  r e a c t i o n :  
The d e g r e e  o f  a l t e r a t i o n  and t h e  accompanying doping i n t e n d e d  may be 
a c h i e v e d  f o r  a  g iven  n e u t r o n  d e n s i t y  v i a  r a d i a t i o n  t i m e .  S i n c e  t h e  
t h e r m a l  n e u t r o n s  p e n e t r a t e  t h e  S t -mat r ix  w i t h  an  even d i s t r i b u t i o n ,  
vepy good homogeneity of  doping i s  ach ieved  even i n  t h e  c a s e  of  r o d s  
wi th  a l a r g e  d i a m e t e r  f f  o n l y  t h e  b a s i c  d i p i n g  of  t h e  s o u r c e  
s i l i c o n  l i e s  suf ' f ic ient ly below t h e  t a r g e t  v a l u e  o f  f i n a l  
d  o  p l n  g b e f o r e  t h  e  n e u t r o n  i r r a d i a t i o n .  D i r e c t l y  a f t e n  
r a d i a t i o n  t h e  c r y s t a l l i n e  s t r u c t u r e  i s  s t i l l  s o  g r e a t l y  d i s t u r b e d  
t h a t  t h e  i r r a d i a t e d  c r y s t a l  seems t o  e x h i b i t  high-impedance. By 
means of a tempering process  u s ing  tempera tures  over  1,000 K,  how- 
e v e r ,  t h i s  damage s a n  be r e p a i r e d .  F u r t h e r  ques t i ons  concerning 
t h i s  r e p a i r  p roces s  w i l l  be d e a l t  w i th  i n  a s e p a r a t e  development 
p r o j e o t  (NT 6 1 4 ) .  F ig .  2 shows f o u r  peak measurements t aken  on 
a  n e u t r o n - i r r a d i a t e d  s i l i c o n  d i s c  of 50 mm d iamete r .  The v a r i a t i o n s  
measured a f t e r  t h e  r e p a i r  p rocess  around t h e  t a r g e t  va lue  of 150 Qcm 
a r e  sma l l e r  t han  5 2 % .  The comparison wi th  P ig .  1 shows t h e  
s u p e r i o r i t y  of n e u t r o n - i r r a d i a t i o n  as a doping procedure f o r  
phosphorus i n  comparison t o  convent iona l  doping procedures  dur ing  
c r y s t a l  manufacture.  A s u f f i c i e n t  c r j . t e r i u m f o r  the  s u i t a b i l i t y  
of  n e u t r o n - i r r a d i a t e d  s i l i c o n  i n  component manufacturing,  however, 
i s  supp l i ed  s o l e l y  by component pepformance. There fore  t h e  break- 
down behavior of f u l l y - d i f f u s e e  psn-diodes of neu t ron - i r r ad i a t ed  
s i l i c o n  was f i r s t  examined. The width of  t h e  weakly doped 
zone ( s  zone) was chosen g r e a t e r  t han  t h e  maximum p o s s i b l e  space- 
charge  r eg ion  width.  I n  F i g .  5  t h e  breakdown v o l t a g e s  measured / 1 2  
on t h e s e  d iodes  a r e  r ep re sen t ed  a s  a  f u n c t i o n  of p va lue  of  t h e  
Sn-base. I n  t h e  case  of d i f f u s i o n  p roces se s  t h e  s p e c i f i c  r e s i s t a n c e  
was measured wi th  t h e  a i d  o f  a f o u r  peak t e s t  assembly on t h e  
d i s c s  beforehand and a  c o n t r o l  measurement was t aken  a g a i n  on t h e  
f f n i s h e d  d lodes  a f t e r  l app ing  o f f  t h e  p-base l a y e r .  The a l t e r a t i o n s  
r e s u l t i n g  i n  t h e  manufacturing process  remained w i t h i n  t h e  measurement 
accuracy.  The r e l a t i o n  U B ( p )  r ep re sen t ed  i n  F ig .  5  concurs  wi th  
measurements on convent iona l  s i l i c o n ,  when f o r  p t h e  minimum va lue  
of s p e c i f i c  r e s i s t a n c e  w i t h i n  t h e  d i s c  i s  a p p l i e d .  The d e v i a t i o n  
of measured va lues  from t h e  t h e o r e t i c a l  curve accord ing  t o  Sze 
and Gibbons C51 may be a t t r i b u t e d  t o  t h e  i n f l u e n c e  of non-abrupt 
p n - t r a n s i t i o n s .  The dependence of breakdown vo l t age  on t h e  temperature  
i s  shown i n  P i g .  6 .  F ig .  4 shows t h e  r e v e r s e  c h a r a c t e r i s t i c  of a  
50 mm diameter  d iode a t  room temperature  i n  logar i thn l ic  r e p r e s e n t a t i o n .  
The ve ry  small off -s tage c u r r e n t s  f o r  an element w i th  an  a r e a  of 
2 1.850 rm prove t h a t  t h e  p a d l a t i o n  damages have been s u b s t a n t i a l l y  
r e p a i r e d .  A corresponding t e s t  s e r i e s  on t h y r i s t o r s  ob t a ined  comparable 
r e s u l t s .  These p o s i t i v e  p r e t e s t  r e s u l t s  were r e a s o n  enough t o  
d e v e l o p  t h y ~ t s t o r s  wi th  breakdown v o l t a g e s  g r e a t e r  t h a n  3  kV 
e x c l u s i v e l y  w i t h  n e u t r o n - i r r a d i a t e d  s i l i c o n .  More d e t a i l e d  i n f o r m a t i o n  
on t h i s  f o l l o w s  i n  S e c t i o n s  3  and 4 .  
2 .2  Improvement of  E m i t t e r  D i f f u s i o n  Procedure 
The c h a r a c t e r i s t i c s  o f  a t h y r i s t o r ,  e s p e c i a l l y  t h e  dynamic 
c h a r a c t e r i s t i c s  and t h e  l o s s e s  i n c u r r e d  i n  c u r r e n t  l o a d s ,  a r e  
s u b s t i a c t i a l l y  i n f l u e n c e d  by t h e  n - e m i t t e r .  Thuo t h e  d e p t h  of  
p e n e t r a t i o n  of  t h e  e m i t t e r  i n  c o n j u n c t i o n  w i t h  t h e  doping p r o f i l e  
of t h e  p-base and t h e  e m i t t e r  s h u n t s  i n f l u e n c e  t h e  t r i g g e r  behav io r  
and t h e  l o c a l  o n - s t a t e  power l o s s e s .  Accompanying t h i s  t h e  g e t t e r i n g  
c h a r a c t e r i s t i c  of  t h e  h i g h l y  doped phosphorus r e g i o n s  has  a 
d e c i s i v e  i n f l u e n c e  on t h e  d i s t r i b u t i o n  of  t h e  recombina t ion  c e n t e r s  
and as a  r e s u l t  on t h e  r e c o v e r y  t ime  and t h e  t u r n - o f f  b e h a v i o r .  /13 
-
While t h e r e  i s  g e n e r a l l y  no problem invo lved  i n  r e p r o d u c i n g  t h e  
l a t e r a l  e m i t t e r  geometry by means of  known photo  e t c h i n g  t e c h n i q u e s ,  
m a i n t a i n i n g  c o n s t a n t  r e p r o d u c i b l e  d o p l g  p r o f i l e s  i n  t h e  c a s e  o f  
d i s c s  w i t h  l a r g e  a r e a s  becomes more and more d i f f i c u l t .  A i m  o f  t h e  
s t u d y  i n  t h i s  problem segment was t o  improve t h e  r e p r o d u c i b i l i t y  
and homogeneity o f  t h e  n -emi t t e r  d i f f u s i o n  whi le  m a i n t a i n i n g  t h e  
secondary  c o n d i t i o n  o f  s u f f i c i e n t  e f f i c i e n c y  s o  t h a t  even i n  t h e  
c a s e  of l a r g e  d i s c  t h i c k n e s s  a s  i s  n e c e s s a r y  f o r  t h e  manufacture  
of t h y r i s t o r s  w i t h  h i g h  r e v e r s e  c a p a b i l i t i e s ,  narrow t o l e r a n c e  
bands may be main ta ined  i n  t h e  e l e c t r i c a l  d a t a .  
2 .2 .1  Gas Doping 
The s t a n d a r d  p rocedure  i s  t h e  u s u a l  c a r r i e r  g a s  d i f f u s i o n  w i t h  
FOCI3 s o u r c e .  The s i l i c o n  d i s c s  a r e  a r r a n g e d  a d j a c e n t  and subsequent  
t o  e a c h  o t h e r  i n  ganged q u a r t s  [Quarzhorden3:  d i s c  s u r f a c e s  a r e  
p a r a l l e l  t o  t h e  d i r e c t i o n  of g a s  f low. For  50 mrn d i s c s ,  however, 
t h i s  a r rangement  has d i s t i n c t  drawbacks: 
1. When l o t  s i z e  i s  s u f f i c i e n t l y  e f f i c i e n t  t h e  u n i f o r m i t y  
of d i s t r i b u t i o n  i s  u n s a t i s f a c t o r y .  Doping d e c r e a s e s  i n  
t h e  lower  p o r t i o n  of  t h e  d i s c .  
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2. I f  t h e  l o t s  a p p l i e d  a r e  n o t  v e r y  l a r g e ,  t h e  doping 
d e c r e a s e s  a l o n g  t h e  f l o w  d i r e c t i o n .  
3. S p a t i a l  f i l l i n g  i s  poor i n  t h e  diffusion t u b e .  
4. When ganged q u a r t z  i s  p a r t i a l l y  d e v i t r i f i e d ,  d i s l o c a t i o n  
may e a s i l y  occur  a t  p o i n t s  o f  c o n t a c t  w i t h  s i l i c o n  d i s c .  
I n  o r d e r  t o  make improvements concern ing  p o i n t s  1, 3  and 4 -- /1.4 
t r i a l s  were conducted wi th  ganged s i l i c o n  i n  which t h e  d i s c s  were 
p o s i t i o n e d  t r a n s v e r s e  t o  f low.  F i g .  1 3  shows s u c h  a  ganged s i l - i c o n  
provided w i t h  s i l i c o n  d i s c s .  The gang [Horde] r e p r e s e n t s  o n l y  a  
minor o b s t r u c t i o n  o f  g a s  f low.  I f  t u b e  a x i s  and d i s c  c e n t e r  p o i n t  
a r e  approx imate ly  i n  c o n j u n c t i o n  w i t h  one a n o t h e r ,  a good homogeneity 
of  doping w i t h i n  a  d i s c  r e s u l t s .  Compare F i g s .  7 and 8 .  The change- 
o v e r  from q u a r t z  t o  ganged & % ? i c o n  a l s o  provaded t h e  d e s i r e &  e f f e c t :  
fewer  d i s p l a c e m e n t s  and s l i p  bands.  A s  expec ted ,  however, t h e  
d e c r e a s e  of  doping m a t e r i a l  from one d i s c  t o  t h e  n e x t  i n  f low 
d i r e c t i o n  was n o t  improved. A s  n e x t  t r i a l  s t e p  t h e  c a r r i e r  g a s  
e n r i c h e d  w i t h  doping m a t e r i a l  was f o r c e d  between t h e  d i s c s  th rough  
j e t s  i n  t h e  d i f f u s i o n  t u b e .  T h i s  measure d i d  i n d e e d  supp ly  t h e  
d e s i r e d  improvements,  b u t  d i s t u r b e d  t h e  r a t h e r  compl ica ted  s t r u c t u r e  
and t h e  low s e r v i c e  l i f e  o f  t h e  q u a r t z  p a r t s  used .  
F i n a l l y  a  t r i a l  l e t  t o  s u c c e s s  i n  which t h e  a p p l . i c a t i c 1  o f  
dop ing  was p u l s e d  over  magnetic  v a l v e s  i n  i n t e r v a l s  or" one minute .  
Uniformi ty  of  doping was ra thex)  gooG when magnitude o f t h e  l o t  was 
economical .  The v a r i a t i o n s  i n  s u r f a c e  c o n d u c t i v i t y ,  f o r  example, 
general1,y remain below ' 5% i n  a l o t  o f  50 s i l i c o n  d i s c s  of  
50 mrn d i a m e t e r .  A s e n s i t i v e  t e s t  o f  u n i f o r m i t y  of  g e t t e r i n g  
e f f e c t  of n - e m i t t e r  was c a r r i e d  o u t  by measuring t h e  m i n o r i t y  
c a r r i e r  l i f e  i n  n-base a f t e r  a go ld  d i f f u s i o n .  These measurements 
w i t h  a  r e l a t i v e l y  h i g h  s p a t i a l  s e p a r a t i o n  were conducted by 
M r .  Schwab on t h y r i s t o r  d i s c s  a t  t h e  I n s t i t u t e  f o r  S o l i d - S t a t e  
Technology o f  t h e  Fraunhofer  A s s o c i a t i o n  i n  Munich. Big. 9 
shows o t y p i c a l  topograrn of  m i n o r i t y  c a r r i e r  l i f e - s p a n s  i n  t h e  
n-base i n  a  q u a r t e r  of a  50 a m  d i a m e t e r  t h y r i s t o r .  The l i g h t  
r e g i o n s  ( h i g h  ~p v a l u e s )  d e s i g n a t e  t h e  n - e m i t t e r ,  The d a r k  r e g i o n s  
(low ~p v a l u e s )  correspond t o  p-areas on t h e  surfa.ce ( t r i g g e r  s t r u c t u r e  
and boundary s h o r t  c i r c a i t s ) .  I n  r e l a t i o n  t o  t h e  d i f f e r e n c e  between /15 
t h e  v a u l e s  below p and n-area,s, t h e  v a r i a t i o n s  i n  em'tter r e g i o n  
may be d i s r e g a r d e d .  There fo re  no a t t e m p t  was made a t  t h e  p r e s e n t  
t ime t o  improve t h e  gas  d i f f u s i o n  s t i l l  f u r t h e r .  
2 .2 .2  Doping Varn i sh  
Simul taneous  t o  t h e  t r i a l s  f o r  gas d i f f u s i o n  improvement t h e  
a p p l i c a t i o n  of  doping v a r n i s h  was t e s t e d  f o r  i t s  s u i t a b i l i t y  i n  
t h e  manufacture  of  power t h y r i s t o r s .  O f  two v a r n i s h  t y p e s  of  
d i f f e r i n g  v i s c o c i t y  manufactured i n  t h e  semiconductor  p l a n t  of  
Siemens A G ,  B a l a n s t r a s s e ,  Munich, t h e  t h i n n e r  one was s u i t a b l e  
f o r  a p p l i c a t i o n  ~ i t h  t h e  a i d  of  a  v a r n i s h  s p r a y e r .  The homogeneity 
of coverage  a c h i e v e d  was s u f f i c i e n t ,  b u t  t h e  r e p r o d u c i b i l i t y  of 
t a r g e t  v a l u e s  was p r o b l e m a t i c .  In a d d i t i o n ,  t h e  a t t a i n a b l e  d i f f u s i o n  
l e n g t h s  f o r  h i g h l y  b l o c k i n g  t h y r i s t o r s  were t o o  low by t h e  f a c t o r  
3 t o  10 .  A t  t h i s  p o i n t  t h e  t r ~ i a l s  were d i s c o n t i n u e d .  
2 .2 .3  Ion  I m p l a n t a t i o n  
A s  a  f u r t h e r  method f o r  n -emi t t e r  g e n e r a t i o n ,  t r i a l s  were 
conducted w i t h  i o n  i m p l a n t a t i o n  and vapor d i f f u s i o n .  S ince  t h e  
 ariati ti on of  implan ted  dose  i s  g e n e r a l l y  g i v e n  a s  l e s s  t h a n  2 % ,  
t h i s  procedure  seemed ve ry  i n t e r e s t i n g  i n  r e f e r e n c e  t o  r e p r o d u c i b i l i t y .  
The q u e s t i o n  o f  e f f i c i e n c y  d i d  n o t  immedia te ly  r e c e i v e  a  n e g a t i v e  
answer w i t h  r e s p e c t  t o  t h e  expected  a p p l i c a t i o n  i n  h i g h - c u r r e n t  
machfnes. S e v e r a l  i m p l a n t a t i o n s  were c a r r i e d  o u t  i n  the  I n s t i t u t e  
f o r  Applied S o l i d - S t a t e  Phys ics  of  t h e  Fraunhofe r  A s s o c i a t i o n  i n  
L 
I : 
! 
F r e i b u r g  ( D r .  F r i t s c h e ,  D r .  Axmann) and i n  t h e  r e s e a r c h  l a b o r a t o r y  
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of Siemens AG i n  MunLch ( D r .  Krirnmel, M r .  Runge).  The implan ted  i 
17  -2 i dose  v a r i e d  between 1 0 ~ ~ ~ 5 ~  and L O  cm , t he  i o n  energy  between /16 i a
- 
T 40 KeY and 300 KeY. The r e s u l t s  may be summarized as f o l l o w s :  
1. S u r f a c e  C o n d u c t i v i t y  
The s u r f a c e  c o n d u c t i v i t y  i s  ve ry  low immedia te ly  a f t e r  
i m p l a n t a t i o n  and  i n c r e a s e s  with e a c h  t e m p e r i n g  u f l t i l  i t  
r e a c h e s  a f i n a l  v a l u e  a f t e r  t h e  a c t u a l  d i f f u s i o n  a t  1510K 
( 9  h ) .  Tempering8 a t  low t e m p e r a t u r e s ,  b e f o r e  d i f f u s i o n  
t a k e s  p l a c e ,  a r e  a p p a r e n t l y  n o t  n e c e s s a r y  f o r  a c h i e v i n g  a 
un i fo rm s u r f a c e  c o n d u c t i v i t y .  The homgenei ty o f  cove rage  
I s  good,  as  e x p e c t e d .  I n  t h e  framework of  measur ing  a c c u r a c y  
of t h e  f o u r  p robe  measurements no v a r i a t i o n s  were found .  
2, C a r r i e r  Li fe-span  
I n  t h e  c a s e  o f  t h e  few d i s c s ,  i m p l a n t e d  w i t h  100 KeV i n  
t h e  r e s e a r c h  l a b o r a t o r y ,  t h e  f o l l o w i n g  connectLon between 
t h e  i m p l a n t e d  dose  and d i f f u s i o n  l e n g t h  Lp was demons t ra t ed :  
11 - o s ~ c  2 I 1 0 ~ 5  u-m_- ,.,,15 l?,,qn7,5 
+,/blm - 1: 10 20-24 'i.15 
An i n c r e a s e  i n  L r e l a t e d  t o  d o s e  was a l s o  demons t ra t ed  F 
i n  d i s c s  implan ted  w%th 300 KeV i n  P r e i b u r g :  
If t h e  r e s u l t s  nlay n e t  be a t t r i b u t e d  t o  c o i n c i d e n c e s  because  
of t h e  low number o f  d i s c s ,  i t  c o u l d  be  conc luded :  t h e  g r s a t e r  
t h e  d o s e  and t h e  s m a l l e r  the  i o n  e n e r g y ,  t h e  g r e a t e r  t h e  
d i f f u s i o n  l e n g t h  and l i f e - s p a n ,  r e s p e c t i v e l y .  T h i s  r e l a t i o n s h i p  /17 
- 
would n o t  be  u n e x p l a i n a b l e ,  b u t  i t  s t i l l  must be  conf i rmed 
by f u r t h e r  e x p e r i m e n t s .  
The h i g h e s t  d i f f u s i o n  l e n g t h s  o r  c a r r i e r  l i f e - s p a , n s  a t t a i n e d  
i n  t h e  c a s e  o f  i m p l a n t e d  d i s c s  c o i n c i d e d  w i t h  t h e  lower  l i m i t s  
of t h e  usu:<:. v a l u e s  of  t h e  gas-doped d i s c s .  
3 .  Oxide Masking 
h  Oxide l a y e r s  g e r e r a t e d  i n  humid oxygen a t  1150° C (3 .5  ) a l s o  
have a masking e f f e c t  on t h e  i o n  i m p l a n t a t i o n ,  which c o u l d  be 
checked by t h e  c o n d u c t i o n  c h a r a c t e ~ i s t i c  o f  mask& s u r f a c e s .  
The masking was, however, n o t  c o m p l e t e l y  s a t i s f a c t o r y  i n  o u r  
t r i a l s .  T h y r i s t o r 8  w i t h  n - e m l t t e r s  manufac tu red  w i t h  t h e  a i d  
of i o n  i m p l a n t a t i o n  demonst ra ted  a much p o o r e r  du/d t  behav io r  
than  comparable t h y r i s t o r s  from c a r r i e r  g a s  d i f f u s i o n .  
Gr ind lngs  proved t h a t  t h e  e m i t t e r  s h u n t s  were indeed  
not  s a t i s f a c t o r i l y  masked. The cause  may p o s s i b l y  l i e  i n  
t h e  l a r g e  i n c r e a s e  i n  t h e  boundary c o n c e n t r a t i o n  o f  implan ted  
d i s c s  ( F i g .  1 0 )  which occur red  independent  of  dose .  
2 .3  Improvement of  Boundary Geometry 
I n  t h e  c a s e  of  t h y r i s t o r s  w i t h  r e p e t i t i v e  v o l t a g e s  up t o  
approx.  w.5 kV, g e n e r a l l y  a  double  a n g l e  s t r u c t u r e  i s  employed 
a s  boundary geometery,  whereby t h e  p n - t r a n s i t i o n  b l o c k i n g  i n  /18 
- 
r e v e r s e  d i r e c t i o n  i s  l i m i t e d  by t h e  s t e e p e r  d i r e c t i o n  by t h e  f l a t  
a n g l e  (2-5O). See F i g .  11. I n  p r i n c i p l e  a  double-angled s t r u c t u r e  
cor respond ing  t o  Rig. 11 P Z j  a l s ~  be used f o r  h i g h e r  Sreakdown 
v o l t a g e s ,  however, i t  becomes more and more d i f f i c u l t  t o  a c h i e v e  
approx imate ly  symmetr ica l  b l o c k i n g  b e h a v i o r  i n  b o t h  d i r e c t i o n s  
as  v o l t a g e  i n c r e a s e s .  C a l c u l a t i o n s  of  t h e  p o t e n t i a l  r e l a t i o n s h i p s  
f o r  such s t r u c t u r e s  [6] demons t ra te  t h a t  t h e  maximum f i e l d  
i n t e n s i t y  does  n o t  o c c u r  a t  t h e  p e n e t r a t i o n  l i n e  of  p n - t r a n s i t i o n  
t h r o u g h  t h e  s u r f a c e ,  b u t  r a t h e r  f u r t h e r  i n s i d e ,  i n  t h e  r e g i o n  of  
h i g h e r  p-doping, j u s t  undernea th  t h e  s i l i c o n  s u r f a c e ,  Only i n  t h i s  
r e g i o n  i s  t h e  f l a t  a n g l e  a c t u a l l y  d e c i s i v e .  T h i s  l e d  t o  o u r  
deve lop ing  a  s t r u c t u r e  s i m i l a r  t o  a  mesa s t r u c t u r e  ( P i g .  1 2 ) ,  
d i f f e r i n g  e s s e n t i a l l y  from t h e  s t e p  g r i n d i n g  p u b l i s h e d  by KBhl 
[7fl i n  one p o i n t :  i n  t h e  s t r u c t u r e  chosen by u s  t h e  f l a t  a n g l e  
b e g i n s  approx imate ly  20 pmabove t h e  p n - t r a n s i t i o n .  Thereby h i g h e r  
f i e l d  i n t e n s i t i e s  a r e  ach ieved  i n  t h e  r e g i o n  s u r r o u n e  / i n g  t h e  
p e n e t r a t i o n  l i n e  of t h e  p n - t r a n s i t i o n ,  w h i i e  t h e  maximum f i e l d  
i n t e n s i t y  l i m i t i n g  r e p e t i t i v e  v o l t a g e  i s  s t i l l  r e t a i n e d  f u r t h e r  
w i t h i n  t h e  s t r u c t u r e .  According t o  t h e  g e n e r a l l y  v a l i d  r e l a t i o n :  
u = J E  ( x )  dr 
t h e  a t t a i n a b l e  v o l t a g e  i s  h i g h e r  i n  t h i s  c a s e .  
t Via l i g h t  s c a n n i n g  o f  b l o c k i n g  t r a n s i t i o n  w i t h  v o l t a g e  l o a d ,  \ 
I 
Krausse ( p l a n t  f o r  semiconductors  o f  Siemens of AG i n  Munich) was 5 
e a b l e  t o  prove e x p e r i m e n t a l l y  t h e  p o s i t i o n  o f  f i e l d  intensity 
maxima on components . 
Even i n  t h e  v o l t a g e  r a n g e  of 5 t o  6 kV we succeeded i n  
a c h i e v i n g  synlmetry f a c t o r s  o f  0.9 f o r  UD/UR I n  t h i s  c a s e  UD 
i s  t h e  breakdown v o l t a g e  i n  p o s i t i v e  and UR t h e  breakdown v o l t a g e  - / l 9  
i n  n e g a t i v e  d i r e c t i o n .  With a  normal double-angled s t r u c t u r e ,  on 
the  o t h e r  hand,  we were only  a b l e  t o  a c h i e v e  v a l u e s  of  approx.  0 .8 .  
The s p e c i a l  advan tages  of t h e  improved double-a.ngled s t r u c t u r e  
a s  c0mpare.d t o  o t h e r  boundary s t r u c t u r e s  f o r  h i g h  v o l t a g e ,  as f o r  
example, t h e  p r e v i o u s l y  p u b l i s h e d  v a r i a n t  o f  t h e  "sheave form," l i e  
i n  o u r  o p i n i o n  i n  two p o i n t s :  
1. The f i e l d  i n t e n s i t i e s  o c c u r r i n g  on t h e  s i l i c o n  s u r f a c e  
a r e  reduced t o  such a degree  t h a t  t h e  components a l r e a d y  
a c h i e v e  a lmos t  complete b l o c k i n g  c a p a c i t y  w i t h o u t  
p r o t e c t i v e  v a r n i s h .  
2 .  The n e g a t i v e  b l o c k i n g  d i r e c t i o n  (UR) i s  g e o m e t r i c a l l y  
s o  f a v o r e d  t h a t  h i g h  ava lanche  l o a d s  a r e  p o s s i b l e .  ' 
Both p o i n t s  a r e  e s p e c i a l l y  impor tan t  f o r  t h e  a p p l i c a t i o n  i n  
h igh  v o l t a g e  dc t r a n s m i s s i o n  i n s t a l l a t i o n s .  We t h e r e f o r e  a p p l i e d  t h e  
improved double-angle s t r u c t u r e  t o  a l l  f u r t h e r  i n v e s t i g a t i o n s .  
e 3. T h y r i s t o r s  wi th  Breakdown Vol tages  o f  3 .5  - 5 .5  k V  
L 
' . 
I \. The t e c h n i q u e s  d e s c r i b e d  i n  S e c t i o n  2 p r o v i d e  t h e  b a s i s  f o r  
I 
r9 f u r t h e ?  work on h igh-blocking t h y r i s t o r s .  We have p a r a l l e l l y  developed 
two d i f f e r e n t  t y p e s  on t h e  b a s i s  of  a u n i f i e d  system d i a m e t e r  of  
F 
50 mm. These cover  t h e  breakdown v o l t a g e  r e g i o n  of  3 . 5  - 5 .5  kV 
wi th  two t a r g e t  v a l u e s  1 kV a p a r t  from each o t h e r  (4 kV and 5  kV). 
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3 . 1  Manufactur ing  Procedure 
N e u t r o n - i r r a d i a t e d  s i l i c o n  i n  t h e  r e s i s t a n c e  r a n g e  between 
130 Qcm t o  200 S2cm was einployed a s  s o u r c e  s i l i c o n .  In t h e  p r e c i s i o n  
d imensioning of a g iven  brealcdown v o l t a g e  a narrowing of r e s i s t a n c e  /20 
- 
t o l e r a n c e s  i n  t h e  range  mentioned t o  about  2 7% seenis a p t  and 
f e a s i b l e  a t  t h e  p r e s e n t  l e v e l  o f  knowledge. The n o n - i r r a d i a t e d  
s o u r c e  s i l i c o n  o r i g i n a t e s  from our  p r o d u c t i o n .  M a t e r i a l  from 
t h e  Wacker f i r m  was a l s o  employed i n  p a r t .  The r a d i a t i o n  was 
mainly  c a r r i e d  o u t  i n  t h e  r e s e a r c h  r e a c t o r  a t  K a r l s r u h e .  The 
i r r a d i a t e d  s i l i c o n  was p rocessed  a c c o r d i n g  t o  s t a n d a r d  methods, 
beg inn ing  w i t h  sawing and l a p p i n g  t h e  c r y s t a l s .  The p-regions  
a r e  g e n e r a t e d  v i a  s u c c e s s i v e  d i f f u s i o n s  of aluminum and g a l l i u m ,  
r e s u l t i n g  i n  t h e  p n - t r a n s i t i o n s  a t  a  d e p t h  of  approx.  90 pm. A f t e r  
o x i d a t i o n  i n  humid oxygen fo l lowed  by window e t c h i n g ,  t h e  e m i t t e r  
d i f f u s i o n  i s  c a r r i e d  o u t .  Thereby t h e  c a r r i e p  l i f e - s p a n s  w t t h i n  
d i s c s  i n c r e a s e  by means of g e t t e r i n g  p r o c e s s e s  s o  g r e a t l y ,  t h a t  
an i n t e n d e d  r e d u c t i o n  t o  d e s i r e d  v a l u e  becomes p o s s i b l e .  The r e -  
d u c t i o n  i s  a c h i e v e d  v i a  a  g o l d  d i f f u s i o n .  For  c o n t a c t i n g  o f  
p - e m i t t e r  and f o r  i n c r e a s i n g  t h e  mechanica l  s t a b i l i t y ,  t h e  S T  
wafer i s  a l l o y e d  i n t o  a  Mo c a r r i e r  p l a t e  by means of a n  A 1  i n t e r -  
med ia te  l a y e r .  The m e t a l l i z a t i o n  of  n" - e m i t t e r  and t h e  c e n t r a l l y  
l o c a t e d  t r i g g e r  c o n t a c t  i s  evapora ted  u s i n g  mechanica l  masks. A 
pho tograph ic  e t c h i n g  procedure  i s  a v a i l a b l e  f o r  t h e  g e n e r a t i o n  
of f i n e  s t r u c t u r e s .  
The boundary con tour  i s  g e n e r a t e d  by means of  s l o p e d  l a p p i n g .  
Damage i s  them removed by a  subsequent  e t c h i n g  p o l i s h .  The pn- 
t r a n s i t i o n s  p r o j e c t i n g  a t  t h e  boundary a r e  covered  by a11 e l a s t i c  
i 
I d  s i l i c o n  r u b b e r .  The c a p s u l i n g  of  t h e  t h y r i s t o r  wafer  i s  c a r r i e d  
I out  v i a  a  f l a t - p a c k  housing w i t h  ceramic  i n s u l a t i o n  and p r e s s u r e  
be c o n t a c t  on b o t h  s i d e s .  F ig .  1-4 shows a t h y p i s t o r  wafer  o f  50 mrn 
P d i a m e t e r  on t h e  l e f t ,  t h e  cor respond ing  e lement  c a p s u l e d  on t h e  
r i g h t .  The i n s u l a t i o n  s e c t i o n s  of  t h e  26 mm h i g h  c a p s u l e  a r e  
l a r g e  enough f o r  v o l t a g e s  up t o  4.5 kV. The p r e s s u r e  n e c e s s a r y  
f o r  +,I-e element  i s  g e n e r a t e d  when it i s  clamped i n  t h e  h e a t  s i n k .  
3.2 S t a t i c  E l e c t r i c a l  Pa ramete r s  
F i g u r e  1 5  shows t y p i c a l  r e v e r s e  c h a r a c t e r i s t i c s  o f  a 50 mm /21 
-
d i a m e t e r  t h y r i s t o r  made from n e u t r o n - i r r a d i a t e d  s i l i c o n  i n t e n d e d  
f o r  breakdown v o l t a g e s  o f  approx .  4 kV. Because o f  homogeneity 
of r e s i s t a n c e  o v e r  t h e  d i s c  v e r y  s h a r r  a v r l a n c h e  c h a r a c t e r i s t i c s  
r e s u l t .  T h y r i s t o r s  c o n s t r u c t e d  i n  t h t s  ; ,cy a r e  a h e d d y  b e i n g  
produced i n  s e r i e s .  F i g .  1 6  shows t h e  t o t a l  f r e q u e n c y  d i s t r i b u t i o n  
of r e p e t i t i v e  v o l t a g e s  a t t a i n e d  f o r  a  measur ing  c u r r e n t  of  100 mA 
z t  t h e  b e g i n n i n g  o f  p r o d u c t i o n .  
R e s i s t a n c e  t o l e r a n c e  o f  + 5 4  of  S i  m a t e r i a l  employed i s  
superimposed by a n  a l t e r a t i o n  o f  t a r g e t  v a l u e  o f  1 0 %  i n  a  p o r t i o n  
of t h e  s i l i c o n  r o d s .  The e f f e c t  i s  r e c o g n i z a b l e  i n  t h e  knee o f  t h e  
room t e m p e r a t u r e  g r a p h .  The s c a t t e r i n g  o f  20' C r e v e r s e  v o l t a g e s  
i s  o n l y  somewhat g r e a t e r  t h a n  as i s  e x p e c t e d  based  on t h e  above- 
mentioned e s t i m a t i o n  o f  a t o t a l  o f  + 10% f o r  a p v a r i a t l o n  
- 
A s  e x p l a i n e d  i n  S e c t i o n  2 . 1 . 2 ,  a t  120' C a r e d u c t i o n  of' 50% 
of t h e  U v a l u e  i s  o b s e r v e d ,  compared t o  t h e  v a l u e  a t  20' C .  R 
DlPfe rences  i n  r ecombina t ion  c e n t e r  d e n s i t y  and t h u s  i n  r e v e r s e  
c u r r e n t  l e v e l  l e a d  i n  combina t ion  w i t h  s h e  band o f  p o s s l b l e  p 
v a l u e s  t o  a  f l a t t e n i n g  o f  t h e  120° C c u r v e .  The r e l a t i o n s h i p  
of  r e v e r s e  v o l t a g e s  f o r  b o t h  p o l a r i t i e s  UD/UR i s  b e t t e r  t h a n  
0 .91  f o r  50% o f  t h e  elements. I n c r e a s i n g  wafe r  t e m p e r a t u r e  
f u r t h e r  tmproves symmetry. 
The g o l d  d o s e  was s e t  f o r  a c h i e v i n g  s u f f i c i e n t l y  low c i r c u i t  
cornmutated t u r n - o f f  t l m e s  and s t o r a g e  c h a r g e s ,  as a r e  r e q u i r e d  f o r  
h fgh  v o l t a g e  dc  t r a n s m f s s f o n  f n s t a l l a t i o n s ,  so. t h a t  t h e  on -vo l t ages  
U r e p r e s e n t e d  i n  F l g s .  1 7  and 1 8  r e s u l t .  I n  combina t ion  w i t h  a h e a t  T  
r e s f s t o r  of' 0 .22 K/W a  p e r m i s s i b l e  l i m i t i n g  v a l u e  o f  mean fo rward  
c u r r e n t  ITAVM o f  800 A i s  a c h e i v e d  a t  a hous ing  t e r m p e r a t u r e  o f  
74O C .  The c u r p e n t  l o a d  c a p a c i t y  of  t h y r i s t o r  wafer  i s  c h a r a c t e r i z e d  
b e t t e r  by t h e  s u r g e  fo rward  c  u r r e n t  t h a , n  b y  t h e  l i m i t i n g  
v a l u e  of mean fo rward  c u r r e n t  dependent  on c o o l i n g  c o n d i t i o n s .  /22 
- 
It amounts  t o  16,500 A a t  20' C ,  c o r r e s p o n d i n g  t o  a maximum l o a d  
2 i n t e g r a l  li d t  (10 msec. ) o f  1 ,3500,000 ~ ~ s e c .  
T h y r i s t o r s  w i t h  breakdown v o l t a g e s  o f  approx .  5 k V  were 
manufac tured  w i t h  t h e  same p r o d u c t i o n  t e c h n i q u e s  as f o r  t h y r i s t o r s  
w i t h  breakdown v o l t a g e s  of approx .  4 kV. I n  o r d e r  t o  a c h i e v e  t h i s  
t h e  s p e c i f i c  r e s i s t e n c e  o f  s o u r c e  m a t e r i a l  and t h e  n-base wid th  
were i n c r e a s e d  t o  v a l u e s  o f  200 Rcm and 800 pm, r e s p e c t i v e l y .  
F i g u r e s  1 2  and 20 show t h e  r e v e r s e  an$ on-vo l t age  c h a r a c t e r -  
i s t i c s  o f  t h e s e  t h y r i s t o r s .  S i n c e  development  work i n  t h e  framework 
of t h i s  p r o j e c t  was i n t e n t i o n a l l y  l i m i t e d  t o  t h e  50  mm f o r m a t ,  
t h e  c u r r e n t - c a r r y f n g  c a p a c i t y  of  t h e  component i s  s m a l l e r  t h a n  
t h a t  o f  t h e  t h y r i s t o r  w i t h  a t y p i c a l  breakdown v o l t a g e  o f  4 kV 
developed p a r a l l e l l y  t o  i t .  I n  t h e  t e c h n i c a l  a p p l i c a t i o n s  of  
t h y r i s t o r s  t h e  p h y s t c a l  concep t  of  breakdown v o l t a g e  o n l y  p l a y s  
a  r o l e  i n  a v a l a n c h e  components.  More i m p o r t a n t  i s  t h e  concep t  
of t h e  h i g h e s t  p e r m i s s i b l e  p e r i o d i c  r e p e t i t i v e  peak  r e v e r s e  v o l t a g e  
and r e p e t i t i v e  peak  o f f - s t a t e  v o l t a g e .  (URRM and UDm, r e s p e c t i v e l y ) .  
These v o l t a g e  v a l u e s  g e n e r a l l y  l i e  10% under  t h e  breakdown v o l t a g e s  
a c h i e v e d  a t  room t e m p e r a t u r e .  The v o l t a g e  r e s e r v e  o f  1 0 %  up t o  
t h e  a c t u a l  breakdown i s  n e c e s s a r y  t o  b a l a n c e  o u t  measur ing  
i n a c c u r a c i e s  and t h e  d e c r e a s e  i n  breakdown v o l t a g e  a t  t e m p e r a t u r e s  
lower t h a n  room t e m p e r a t u r e .  T h e r e f o r e  a URRM and 'DRM of  maximuni 
3 .5  kV i.s gfven  f o r  t h e  t h y r i s t o r  w i t h  4 kV breakdown v o l t a g e  and 
f o r  t h e  t h y r i s t o r  w i t h  5 kV breakdown v o l t a g e  a maximum o f  4 , 5  kcv. 
F i g u r e  2 1  shows a comparison o f  t h r e e  d l s t i n c t  t h y r i s t o r  
t y p e s  i n  50 mrn fo rma t  d i f f e r i n g  i n  t h e i r  c h a r a c t e r i s t f c s  i n  
r e s p e c t  t o  URRM. A f l a t  maximum a t  approx .  3 .5  kV r e s u l t s  i n  
b r e a k i n g  c a p a c i t y  (URRM X ITAVM). T h i s  a p p l i e s  f o r  c i r c u i t  
comutated tu rn -o f f  t ime  of a p p r o x i m a t e l y  400 psec  a c c o r d i n g  t o  
Gerfman i n d u s t r i a l  s t a n d a r d s  ( D I N ) ,  s u f f l . c f e n t  f o r  normal  l i n e  
app1ica. t  i o n s .  
3.3 Dynamic C h a y a c t e r i s t i c s  
-
The most i m p o r t a n t  dynamfc c h a r a c t e r i s t i c s  of  t h y r i s t o r s  /23 
-
f o r  l i n e  a p p l i c a t i o n s  a r e  t h e  permissible r a t e  o f  r f s e  of o f f -  
s t a t e  v o l t a g e  d i / d t 7 a n d  t h e  c i r c u i t  cornmutated t u r n - o f f  t tme  t 
q '  
I n  r e s p e c t  t o  du/d t  l o a d s ,  modern t h y r i s t o r s  a r e  ve ry  r o b u s t  i n  
complete d i f f u s i o n  t e c h n i q u e s .  P r a c t i c a l l y  a l l  o f  our  3 . 5  kV 
and 4 . 5  kV t h y r i s t o r s  w i t h s t a n d  v o l t a g e  i n c r e a s e s  t o  f u l l  v o l t a g e  
use  i n  1 usec .  These v a l u e s  l i e  f o r  above t h e  normal ly  i n d i c a t e d  
1,000 V/vsec a c c o r d i n g  t o  t h e  German i n d u s t r i a l  s t a n d a r d s ,  
S p e c i a l  measures f o r  du /d t  improvement were t h e r e f o r e  n o t  n e c e s s a r y  
w i t h i n  t h e  framework o f  t h e  r e s e a r c h  p r o j e c t .  
The d i / d t  l o a d s  a r e  more c r i t i c a l  i n  t h e  c a s e  of h i g h l y  
b l o c k i n g  t h y r i s t o r s  t h a n  du/dt  l o a d s .  Expansion v e l o c i t y  o f  
triggering d e c r e a s e s  w i t h  i n c r e a s i n g  d i s c  t h i c k n e s s .  I n  o r d e r  
n o t  t o  a r r i v e  a t  c u r r e n t  d e n s i t i e s  n o t  p e r m i s s i b l e  d u r i n g  turn-on 
t fme,  we have a p p l i e d  t h e  p r i n c i p l e  of t h e  i n t e g r a t e d  a u x i l i a r y  
t h y r i s t o r  ( n i n t e r n a l  g a t e  t r i g g e r  c u r r e n t  a m p l i f i c a t i o n i y ) .  I n  
P i g .  1 4  t h e  a n n u l a r  a u x i l i a r y  ca thode  i s  e a s i l y  r e c o g n i z a b l e .  The 1 I 
a u x i l i a r y  t h y r i s t o r  i s  t r i g g e r e d  w i t h  t h e  a f d  o f  t h e  t r i g g e r  impulse .  i 
T h i s  l o a d  c u r r e n t ,  whiich may be a m u l t i p l e  of t r i g g e r  c u r r e n t ,  
s w i t c h e s , w i t h  a  d e l a y  of  a  f r a c t i o n  of a psec, t h e  main t h y r i s t o r  
i n t o  a  s u b s t a n t l a l l y  g r e a t e r  t r i g g e r i n g  l i n e  t h a n  would be p o s s i b l e  
w i t h  the  a c t u a l  t r i g g e r  impulse.  I n  t h e  c a s e  of  f r equency  t h y r i s t o r s  
? 
t h i s  c u r r e n t  a m p l i f i c a t i o n  p r i n c i p l e ,  s i m i l a r  t o  t h e  D a r l r n g t o n  
t r a n s i s t o r ,  h a s  a l r a d y  been a p p l i e d  s u c c e s s f u l l y  f o r  y e a r s .  It 
was de termined t h a t  a l s o  i n  t h e  c a s e  of  h igh-b lock ing  t h y r i s t o r s  
i t  i s  s u i t a b l e  f o r  improvement o f  tli./dt b e h a v i o r .  There a r e  
p r a c t i c a l l y  no f a i l u r e s  i n  t h e  r o u t i n e  t e s t s  o f  3 .5  kV (.URRN) 
t h y r i s t o r s  wf th  a t r a n s i t i o n  c u r r e n t  of  150 A from a n  RC w i r t n g  
w i t h  subsequen t  d i / d t  of  6 0  A/psec t o  2,200 A a c c r o d i n g  t o  
c o n d i t i o n s  s e t  by t h e  German i n d u s t r f a l  s t a n d a r d s ,  S e v e r a l  
samples w i t h  b r a n c h i n g  a u x i l i a r y  ca thodes  were a l s o  produced Z 
t o  a r r i v e  a t  s t i l l  more r a p i d  t r i g g e r i n g  of  t h e  e n t i r e  t h y r f s t o r  
s u r f a c e .  The r e s u l t s  were p o s i t i v e ,  b u t  t h e  a p p l i c a t i o n  of  
t h i s  compl ica ted  s t r u c t u r e  i 8  probably  n o t  worthwhile  i n  system 
16 
d i a m e t e r s  o f  l e s s  t h a n  50 mln, a t  l e a s t  a t  t h e  p r e s e n t  l e v e l  o f  /24 
- 
i n s t r u m e n t  t e c h n o l o g y  . 
The t h i r d  i m p o r t a n t  dynamic c h a r a c t e r i s t i c  s t u d i e d  was t h e  
b e h a v i o r  of c i r c u i t  commutated t u r n - o f f  t i m e  o f  h i g h - b l o c k i n g  
t h y r i s t o r s .  Improvement measures  were t h e  a s s o c i a t i o n  o f  neu t ron-  
i r r a d i a t e d  s i l i c o n  ( d e c r e a s e  of n-base w i d t h )  and t h e  exac f  c o n t r o l  
of n - e m i t t e r  d i f f u c i o n  t o  be a b l e  t o  a c h i e v e  o p t i m a l  e f f e c t  of  
e m i t t e r  s h u n t s .  Without employing n e g a t i v e  c o n t r o l  v o l t a g e ,  i . e . ,  
i n  normal  o p e r a t i o n  we a c h i e v e d  t y p i c a l .  t u r n - o f f  t i m e s  in t h e  c a s e  
of 3 . 5  kV (URRM) t h y r i s t o r s  a c c o r d i n g  t o  German i n d u s t r i a l  s t a n d a r d s  
of appr40x. 280 usec up t o  a n  upper  l i m i t  v a l u e  o f  350 psec  
( l i m i t  t e m p e r a t u r e  120' C ) ,  c o r r e s p o n d i n g  t o  v a l u e s  r e q u i r e d  i n  
h igh  v o l t a g e  d c  t rEmsmiss ion  i n s t a l l a t i o n s .  To a c h i e v e  l i m i t i n g  -.- V 
v a l u e s  o f  mean fo rward  c u r r e n t  i n  a r a n g e  o f  i n t e r e s t  when u s i n g  
t h e  4 .5  1cV ( U  ) t h y r i s t o r  t h e  g o l d  dose  was s e t  lower  and t y p i c a l  
RRM 
t u r n - o f f  t i m e s  o f  400 psec  w i t h  a n  upper  l i m i t  v a l u e  of 500 usec  
a c h i e v e d .  S i n c e  t h e  numbg;r o f  samples  o f  11.5 kV t h y r i s t o r s  groduced i s  
t o o  small f o r  f i n a l  c o n c l u s i o n s ,  t h e  v a l u e s  i n v o l v e d  a r e  p r e l i m i n a r y .  
These t u r n - o f f  t i m e s  a r e  s u f f i c i e n t  f o r  t h e  l i n e  a p p l i c a t i o n ,  f o r  
h igh  v o l t a g e  dc t r a n s m i s s i o n  i n s t a l l a t i o n s  t h e y  a r e  t o o  h i g h .  In 
p r i n c i p l e  t h e r e  seems t o  be no d i f f i c u l t y  i n  d e c r e a s i n g  t u r n - o f f  
t i m e s  by i n t e n s i f y i n g  g o l d  dop ing ,  b u t  t h e  r e q u i r e d  c u r r e n t - c a r r y i n g  
c a p a c i t y  of a p p r o x .  800  A can  t h e n  o n l y  he a c h i e v e d  v i a  a f u r t h e r  
i n c r e a s e  i n  f o r m a t .  
4 .  D i s c u s s i o n  and Conc lus ions  
I n  t h e  f r ame  of t h i s  r e s e a r c h  p r o j e c t  two i m p o r t a n t  q u e s t i o n s  
f o r  the  manufac tu r s  of h i g h e s t - b l o c k i n g  t h y r i s t o r s  were answered:  
1. Does n e u t r o n - i r r a d i a t e d  s i l i c o n  s o l v e  t h e  q u e s t i o n  o f  
m a t e r i a l ?  
2 .  Can ma.nufactur ing t e c h n i q u e s  be found r e s u l t i n g  i n  u s a b l e  /25 
--
y i e l d  i n  t h e  p r o d u c t i o n  o f  l a r g e - s u r f a c e  t h y r i s t o r s  w i t h  
p e r m i s s i b l e  p e r i o d i c  r e p e t i t i v e  peak r e v e r s e  v o l t a g e s  
o f  3.5 - 4.5 kV? 
The f o l l o w i n g  can be s a i d  about  q u e s t i o n  1: 
The i n t e n d e d  a c c u r a c y  and t h e  homogeneity of  s p e c t f i c  r e s i s t a n c e  
of n e u t r o n - i r r a d i a t e d  s i l i c o n  i s  n o t  ach ieved  i n  t h e  range  under  
examinat ion  ( p n > l O O  Ocm) even n e a r l y  a s  w e l l  by  any o t h e r  
doping p rocedure  known t o  u s .  Labora to ry  exper iments ,  i n  a d d i t i o n  
t o  r e s u l t s  o f  c u r r e n t  t h y r i s t o r  p r o d u c t i o n  have shown t h a t  t h e s e  
advan tages  o f  n e u t r o n - i r r a d i a t e d  s i l i c o n  a r e  n o t  weighed down by 
any a p p r e c i a b l e  drawbacks. I n  p a r t i c u l a r  s u f f i c i e n t l y  l c n g  c a r r i e r  
1- ife-spans may be s e t  i n  t h e  components a s  i n  c o n v e n t i o n a l l y  
d.oped s i l i c o n .  
Ques t ion  2 may be answered j u s t  a s  p o s i t i v e l y :  
Manufacturing t e c h n i q u e s  cou ld  be improved t o  t h e  p o i n t  where 
t h y r i s t o r s  w i t h  p e r m i s s i b l e  p e r i o d i c  r e p e t i t i v e  peak  r e v e r s e  o r  
o f f - s t a t e  v o l t a g e s  between 3.5 and 4 .5  kV and l i m i t i n g  v a l u e  o f  
mean forward  c u r r e n t s  of 600-800 A can  be  manufactured  today i n  
t h e  numbers t h e  market demands. Of t h e  two high-blocking t h y r f s t o r s  
developed Zn t h e  rame of t h e  r e s e a r c h  p r o j e c t ,  t h e  v a r i a n t  of 
h i g h e r  c u r r e n t  c a p a c i t y  i s  a l r e a d y  b e i n g  employed i n  r o l l i n g  
m i l l  d r i v e s  and i n  t h e  v a l v e s  be ing  produced f o r  t h e  h i g h  v o l t a g e  
dc t r a n s m i s s i o n  i n s t a l l a t i o n  a t  Nelson R i v e r .  Wfth cor respond ing  
demand t h e r e  seems t o  be no problem i n  i n c r e a s i n g  t h e  c u r r e n t  l o a d  
c a p a c i t y  of t h i s  v e r s i o n  t o  800 A by i n c r e a s i n g  s i z e .  
There fo re  we c o n s i d e r  t h e  aims o f  t h e  r e s e a r c h  p r o j e c t  t o  be met.  
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Pig.  1 :  3ad i a l  d i s t r ibu t ion  o f  spec i f ic  res i s tance  of a 
conventionally doped s i l i c o n  rod, measured on one 
diSc each a t  beginninz and end.. 
Pig. 2: Radial d i s t r ibu t ion  of spec i f ic  res i s tance  of a 
rod  doped by means of neutron-irradiat ion,  sod 
beginning and end. 
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Fig. 3: Repetitive voltage of rapid thyristors with base, 
width of 120 wn and silicon diameter of 25 mm, 
measurement with a 25 IILA blocking current. 
Fig. 4: Blocking characteristic o f  EL 50 rnn1 diameter diode 
from neutroli-irradiated silicon. 
Pig. 5: Breakdo~,*x:n iroltage UB as a f~mction of specific 
resistai)~~ 
1 O w n  meaprement 
( 8 = 2 0  c) 
2 Calculated curve for 
abrupt pn-transitions 
according to See and Gibbons 
I, Fig. 6: Bependence on temperature of breakdown voltage. 
Measurement of neutron-irradiated material at 
p = 138 Qcm. 
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1 Big. 7: Distribution of surface resistance after phosphorus , *  
diffusion in ganged q u a r t ? .  Blackened areas represent " 
the local value of A X  = 
- '11g<, : where ikn is the 
minimum value of disc. 3istance between two circles 
corresponds to AR = 0.8 i!IImin 
- 1  Fig. 8: As above, however diffusion in ganged s i l i c o n  w i t h  I 
disc perpend.icu1ar to flow direction. 
Fig. 9: Iqinority carrier lif e-span r p in n-base of thyristor 
with 50 diameter disc. 
Right upper corner: thyristor with trigger contact 
and auxiliary thyristor with trigger amplification. 
Pig. 10: Profile of phosphorus concentration i u  an 
implanted and a carrier gas diffused disc. 
- Ion implantation, dose 1.2 x 1 c7 cmm2. 
subsequently diffused. 
__-_- Carrier gas diffusion, 1240' C, 9 hours. 
Fig. 11: Conventional double-angled boundary p r o f i l e .  
Fig. 12: Newly developed boundary p r o f i l e .  
$ 2 )  Fig. 13: Silicon for phosphorus diffusion, provided 
with 50 m diameter discs. 
Pig .  14: 3.5 liV thyristor. 
Left : thyristor wafer 
Right: Plat-oack capsale 
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Pig. 15: Typical charac . te r i s t ic  curve o f  3.5 k'V thyris-Lor. 
Fig. 6 Repe t i t ive  vo1i;age s h t i s t i c s  o f  900 samples o f  
3.5 kV t h y r i s t o r s .  
Big. 17: Fypical forward charactel-iatic o f  3.5 kT thyr i s to r .  
Pig. 18: S t a t i s t i c s  of forward volta, loss U~ of 3.5 kT thyris-bor, measured a t  IT = 1200 A (900 samples). 
3ig. 20: Pypical forward characteristic of 5 liV thyristor. 
Fig. 19: Typical blocking characteristic of 5 kT thyristor. 
Fig .  21 : PIax. permissible per iodic  peak r e p e t i t i v e  vol tage 
and l i m i t i n g  value o f  mean forward cur ren t  o f  
t h r e e  50 rnm diameter t h y r i s t o r s  of d i f f e r e n t  
design. 
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